This work attempts to discuss whether dexmedetomidine (Dex) can protect rats from postoperative cognitive dysfunction (POCD) through regulating the γ-aminobutyric acid-B receptor (GABA B R)-mediated cyclic adenosine monophosphate (cAMP) -protein kinase A (PKA) -cAMP-response element binding (cAMP-PKA-CREB) signaling pathway. Sprague-Dawley rats were divided into a non-surgical group (Control), a surgical group (Model), a surgical group treated with Dex (Model + Dex), a surgical group treated with GABA B R antagonist (Model + CGP 35348) and a surgical group treated with Dex and GABA B R agonist (Model + Dex + Baclofen). Cognitive and memory functions were evaluated by Ymaze test and open-field test. The neuronal morphology of the hippocampus was observed by hematoxylin and eosin staining and neuronal apoptosis was by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nickend labeling method. Inflammatory factors and cAMP levels were detected by enzyme-linked immunosorbent assay while expressions of GABA B R and PKA-CREB pathway-related molecules by Western blot. Compared with control rats, the model rats exhibited reduced alternation rates with a prolonged time spent in the central zone; meanwhile, levels of tumor necrosis factor-α and interleukin-1β and the apoptotic index, as well as GAB-A B R1 and GABA B R2 expressions were increased in the model rats, but the cAMP-PKA-CREB pathway was inhibited (all P < 0.05). When treated with either Dex or CGP 35348, the surgical rats displayed an opposite tendency concerning the above factors as compared to the model rats (all P < 0.05). Furthermore, Baclofen, the agonist of GABA B R, could reverse the protective effect of Dex against POCD in rats. Dex protects rats from POCD possibly via suppressing GABA B R to up-regulate the cAMP-PKA-CREB signaling pathway, thereby alleviating the hippocampal inflammation caused by surgical trauma.
INTRODUCTION
Postoperative cognitive dysfunction (POCD) is a common and frequent complication in the nervous system occurring after operations predominantly seen in older populations with persistent cognitive decline, seriously affecting the isolated domains of cognition and posing a threat to patient health, as well as increasing medical expenses and social burden. [1] [2] [3] In spite of the elusive mechanism of POCD, researchers, have identified a number of pathogenesis-associated factors, such as aging, surgical trauma, intraoperative physiological changes, inflammatory response, anesthetic method and anesthetics. 4, 5 Studies in recent years have noted that the inflammatory responses, particularly cognition-related hippocampal inflammation, are closely associated with POCD. 6 Thus, suppressing the inflammation in the central nervous system may be helpful for the amelioration of cognitive deficits. 7 Dexmedetomidine (Dex), a potent alpha2-adrenoceptor agonist, has shown sedative, analgesic and sympatholytic properties, as well as inhibitory effects on stress response and inflammation. 8 Additionally, studies have confirmed that Dex can mitigate the overactivation of inflammatory factors to suppress the inflammatory responses in neurons, thereby properly modulating inflammatory responses and preventing the development of POCD. 9 However, the specific mechanism remains unknown. γ-aminobutyric acid-B receptor (GABA B R) is a metabolic receptor which is a kind of inhibitory neurotransmitter mainly in the central nervous system. 10, 11 Any decline or hyperfunction of GABA B R would result in a variety of neurological diseases, like seizure, spasm, anxiety, depression, pain or impaired cognition. 12, 13 Notably, there is evidence that GABA B R is involved in the cognitive development of rats, exerting a tight control in spatial learning via mediating the protein kinase A (PKA) signaling pathway. 14 Further, the role of GABA B R could also participate in the development of the central nervous system via modulating the expression alterations of PKA and phospho-cyclic adenosine monophosphate (cAMP)-response element binding (p-CREB). 15 To our knowledge, cAMP, the secondary messenger and the activator of PKA, can be translocated into the nuclei along with the catalytic subunit of PKA to phosphorylate CREB, thus regulating neurological functions. 10 In light of the information above, we speculated that the potential role of GAB-A B R might be critical to the development of POCD via mediating the cAMP-PKA-CREB signaling pathway. Moreover, Dex has been suggested to be able to reduce the glutamic acid content, increase the GABAergic content, and mitigate injuries to the ultrastructure caused by cerebral ischemia reperfusion. 16 Therefore, we conducted the present study to uncover the potential molecular mechanism concerning Dex in ameliorating the cognitive dysfunction after surgery.
MATERIALS AND METHODS

Ethics statement
In this study, all animal-related experiments were conducted under the Revised Guide for the Care and Use of Laboratory Animals (American Physiological Society) and approved by the Ethics Committee of our hospital. The permit number for animal use in the present study is SCXK-2013-0001. Animal disposal was also performed in accordance with the Guide for Kind Treatment of Experiment Animal issued by Ministry of Science and Technology of the People's Republic of China.
Rat grouping and treatment
In this study, we selected a total of 75 specific-pathogen free (SPF) 18-month-old male Sprague-Dawley (SD) rats weighing 500-600 g, provided by the Experiment 17 In brief, rats received anesthesia via intraperitoneal injection of pentobarbital sodium (50 mg/ kg), and a 4-cm long medial abdominal incision was made for abdominal laparotomy, along the intestinal tract to the stomach upward, and the rectum downward. Then, the intestines were placed back into the enterocoelia. Then, splenectomy was carried out, and the spleen was removed at the root of the far end of spleen pedicle with 3-0 suture and the spleen artery and vein were ligated. Following complete splenectomy, the routine careful search for accessory spleens was conducted. Surgery lasted almost 90 min, and in the following 3 days, penicillin (400 000 U) was used as an infection prophylaxis.
Open-field test
Rats in each group performed the open-field test at the 1st, 3rd and 7th days after operation using a box (height: 40 cm, length: 40 cm and width 40 cm). The bottom of the box was divided equally into squares (20 cm × 20 cm). Squares near the wall were named as the peripheral zone, while remaining squares as the central zone. Rats were placed in the middle square of all central zones, and moved without any cue, during which we observed the activities of rats within 5 min. Before starting a new trial, the apparatus was cleaned with 70% ethanol and dried using paper towels and a fan to minimize the influence of odor. The total distance moved and the time spent in the central zone was measured from the video file using a computer-operated EthoVision XT system (Noldus, Wageningen, Netherlands).
Y-maze test
Also, a Y-maze test was performed at the 1st, 3rd and 7th days after surgery. The Y-maze is a three-arm maze including the start arm, novel arm and other arm. Before the test, the novel arm was blocked using a clapboard, and rats were placed in the start arm to let them move freely in the start arm and the other arm. Then, rats were taken out. One hour later, the test was initiated with the retraction of the clapboard, and rats were also placed in the start arm to let them move freely in three arms for 5 min, during which the routes of rat were recorded by digital camera for calculation of the arm entries and alternation rate. Alternation was calculated by the following formula 18 Alternation% = (the number of actual alternations/(the total number of arm entries − 2)) × 100%.
Measurement of inflammatory cytokines and levels of cAMP in the hippocampus
Following the behavior tests at the 1st, 3rd and 7th days after surgery, five rats were decapitated under anesthesia using 10% pentobarbital sodium, and the brains were removed to extract their hippocampi. The isolated hippocampus was separated into two parts: one was kept at −80 C for preservation and later use, while the other was fixed in paraformaldehyde (PFA). Then, the frozen hippocampus was homogenized into 10% homogenate, and an enzyme-linked immunosorbent assay (ELISA) kit was utilized to measure the protein expressions of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and the levels of cAMP in the hippocampus in strict accordance with the kit instructions (R&D Systems, Minneapolis, MN, USA).
Histological analysis
Seven days after surgery, the hippocampus fixed in PFA was embedded in paraffin following the gradient dehydration. The paraffin section was sliced serially and coronally using a slicer at 4 μm-thickness. Then, the hydrated sections were stained in hematoxylin and eosin (HE), followed by dehydration in ethanol. The stained sections were cleared and mounted to observe the neuronal morphology and arrangement in rat hippocampus using a microscope.
TUNEL method
At the 7th day after surgery, sections were cleared in xylene, hydrated in ethanol and fixed in 4% PFA, which were then subjected to protease K treatment for 50 min at room temperature. The sections were fixed in 4% PFA and then incubated with the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) mixture at 37 C for 1 h. Then, the sections were treated with 100 μL of terminating solution for 15 min at room temperature. Following washes in phosphate-buffered saline, 100 μL of diluted streptavidinhorseradish peroxidase solution was added onto the sections for incubation at room temperature for 3-5 min. Sections were then washed and developed using diamino benzedine reagent. After that, sections were counterstained using Harris hematoxylin for 3 min, followed by dehydration and mounting using neutral balsam. For each section, microscopy was performed in five high power fields. In each field, 100 cells were selected to calculate the average of ratios of apoptotic cells as the apoptosis index (AI).
Western blot assay
Proteins extracted from the hippocampus were boiled with the loading buffer at 95 C for 10 min, and 30 μg of proteins were loaded into the wells for 10% sodium dodecyl sulfate -polyacrylamide gel electrophoresis. The separated proteins on gel were then transferred onto the membrane which was then subjected to blocking in 5% bovine serum albumin. Corresponding secondary antibodies were added onto the membrane for incubation at room temperature for 1 h and following three washes in TBST (5 min/time) and immunoblots were developed using the chemical reagent. The protein expressions were normalized to GAPDH, and the targeted bands were analyzed with their grey values using Image J software (Scion Corp, Frederick, MD, USA).
Statistical methods
All data were analyzed using SPSS 21.0 software (SPSS, Inc., Chicago, IL, USA). Measurement data were presented as (x AE s), and those in normal distribution were compared between two groups by using t-test, and among groups by using one-way analysis of variance. P < 0.05 suggested difference of statistical significance.
RESULTS
Comparison of the behavioral changes in rats
Open-field test and Y-maze test were utilized to determine the learning and memory abilities and cognitive function of rats in all groups. When compared to the Control group, rats in the Model group had a significant decrease in the alternation rate with a prolonged time spent in the central zone at 1, 3 and 7 days after surgery (all P < 0.05). However, the model rats treated with Dex or CGP 35348 presented the significantly elevated alternation rate and shortened time spent in the central zone (all P < 0.05). Moreover, when compared with the Model + Dex group, the rats in the Model + Dex + Baclofen group had a lower alternation rate but longer time spent in the central zone (P < 0.05). No significant difference was identified in rats among each group regarding the total distance and the entries at different time points (all P > 0.05, Fig. 1 ).
Comparison of the expressions of inflammatory cytokines in rat hippocampus
As shown in Figure 2 , at the 1st and 3rd days after surgery, the expressions of TNF-α and IL-1β were significantly increased in rats from the Model group in comparison with those in the Control group but were obviously decreased in the surgical model rats treated with Dex or CGP 35348 (all P < 0.05). Moreover, when compared with the Model + Dex group, rats in the Model + Dex + Baclofen group had significantly elevated expressions of TNF-α and IL-1β (all P < 0.05). Seven days after surgery, no statistically significant difference was found in TNF-α and IL-1β expressions between all groups (all P > 0.05).
Comparison of the neuronal morphology in the rat hippocampal CA1 region HE staining was utilized to observe the neuronal morphology of CA1 region in rat hippocampus. Cells in the Control group were in compact arrangement with clear membranes, but the pyramidal cells in the Model group and Model + Dex + Baclofen group exhibited condensed nuclei, widened intercellular spaces, disorganized cell arrangement, necrotic neurons and substantial neuronal cell loss. As compared to the Model group, cells in the Model + Dex group and Model + CGP 35348 group were significantly ameliorated in neuronal morphology and arrangement with increasing neuron numbers (Fig. 3) .
Comparison of the neuronal apoptosis in the rat hippocampal CA1 region
The result of TUNEL staining is indicated in Figure 4 . Higher AI and markedly neuronal apoptosis were found in the rat hippocampal CA1 region from the Model group and Model + Dex + Baclofen group than those from the Control group; but the surgical model rats had a lower AI and obviously ameliorated neuronal apoptosis after treatment with Dex or CGP 35348 (all P < 0.05). Moreover, when compared with the Model + Dex group, rats in the Model + Dex + Baclofen group presented a significant increase in AI (P < 0.05).
Expressions of GABA B R and cAMP-PKA-CREB signaling pathway in rat hippocampus
As demonstrated in Figure 5 , the protein expressions of GABA B R1 and GABA B R2 were highly upregulated while the cAMP-PKA-CREB signaling pathway was downregulated with decreases in cAMP, PKA, p-CREB and BDNF in rats from the Model group when compared to the control rats; but rats in the Model + Dex group or Model + CGP 35348 displayed downregulated expressions of GABA B R1 and GABA B R2 and upregulated levels of cAMP, PKA, p-CREB and BDNF by comparison with the Model group (all P < 0.05). Moreover, when compared with the Model + Dex group, rats in the Model + Dex + Baclofen group had significant upregulations of GAB-A B R1 and GABA B R2 with down-regulations of cAMP, PKA, p-CREB and BDNF (all P < 0.05). No significant difference was identified in the total protein expressions of CREB in the rat hippocampus among groups (all P > 0.05).
DISCUSSION
In the current research, the postoperative cognitive functions of rat models have been measured by two methods: open-field test, which has been frequently used to detect the spontaneous exploration and anxious behaviors of rats, 19 and Y-maze test, which has been considered as a classical method to determine learning and memory abilities, 20 and we found that the surgical model rats had decreased alternation rate with a prolonged residence time in the central zone, presenting cognitive dysfunction successfully caused by surgical trauma. However, after treatment with Dex or CGP 35348 (the GABA B R inhibitor), the cognitive dysfunction of surgical rats was obviously improved, suggesting that the administration of Dex or inhibition of GABA B R may partially ameliorate cognitive deficits of surgical rats. Similar to our findings, Xiong et al. previously reported that Dex can suppress the excitability of the nervous system to ameliorate postoperative cognitive function in old rats. 17 Meanwhile, Terunuma et al. found that activation of GABA B R can reduce the spatial memory of rats by modulating the expressions of Arc/Arg3.1 in the hippocampus 21 whereas the GABA B R antagonist could enhance cognitive function and improve the memory ability of rats at least in part in the study by Helm et al. 22 From our rat models, the GABA B R agonist, Baclofen, could reverse the protective effect of Dex on the hippocampus, indirectly indicating that Dex may exert functions through modulating the expression of GABA B R. In general, surgery may activate the peripheral innate immune system, eliciting a discordant central inflammatory response. 23 However, the activation of the peripheral innate immune system can also activate the microglia directly or indirectly to promote the release of inflammatory cytokines, like TNF-α or IL-1β, which are known to disrupt cognition and are responsible for the behavioral deficits. 24 Also, these inflammatory mediators with neurotoxicity can further alter neuronal functions, giving rise to a decline in cognitive function. 25 Therefore, we determined the levels of TNF-α and IL-1β in the hippocampus and found that TNF-α and IL-1β in the surgical model rats were severely increased, suggesting that surgical trauma causes remarkable inflammatory responses in the hippocampus. Wan et al. also identified an impaired cognitive function in splenectomized rats with activated microglia in the hippocampus and increased expression of IL-1β. 6 In our study, the expressions of inflammatory cytokines in the surgical rat hippocampus were significantly downregulated with the treatment of Dex or CGP 35348. There was a clinical trial which verified that Dex could inhibit the elevation of post-operative IL-6 and TNF-α levels and reduce the incidence of POCD. 8 Further, suppression of GABA B R resulted in the inhibition of the neuronal inflammatory responses via the release of catecholamine. All of the above indicated that Dex treatment and inhibition of GABA B R can mitigate the inflammatory responses in rat hippocampus to ameliorate cognitive function. On the other hand, the acute oxidative stress caused by surgery may also lead to the massive generation of oxygen radicals, which can contribute to mitochondrial dysfunction or even neuronal apoptosis. Notably, neuronal atrophy and apoptosis are the important causes involved in postoperative cognitive impairment. Through TUNEL staining in our observation, the surgical model rats after administration of Dex or inhibition of GABA B R had reduced neuronal apoptosis in the hippocampus and ameliorated cognitive function. Consistent with our findings, Yanhua Chen et al. also reported that Dex had the neuroprotective effect on brain injury to reduce neuronal apoptosis through inactivation of the Janus-activated kinase 2 signal transducer and activator of transcription 3 signaling pathway. Ultimately, we conducted Western blot to detect the expressions of GABA B R and cAMP-PKA-CREB signaling pathway in the rat hippocampus. As documented, GABA B R is a heterodimer consisting of GABA B1 (GB1) and GABA B2 (GB2) subunits. The extracellular region of GB1 binds to the GABA B or GABA B R agonist, while the intracellular region of GB2 is responsible for the interaction of the receptor with its cognate G-protein. GABA B R, through coupling with Gi/G0G protein, can suppress the activity of adenylate cyclase to decrease the intracellular level of cAMP and suppress the cAMP-PKA-CREB signaling pathway. In this study, the elevated expression of GABA B R1 and GABA B R2 in the hippocampus and the suppressed activity of cAMP-PKA-CREB signaling pathway in the Model group were abolished by administration of Dex, and similar results were observed after administration of CGP 35348, GABA B R inhibitor, which suggested that Dex and CGP 35348 can down-regulate the expressions of GABA B R1 and GABA B R2 but activate the cAMP-PKA-CREB signaling pathway. The activated cAMP-PKA-CREB signaling pathway is found to promote the survival, regeneration and differentiation of nerve cells, which had a close association with synaptic plasticity and memory development. In synaptic plasticity and memory development, intracellular cAMP activates PKA to phosphorylate the CREB (p-CREB), and the resultantly activated p-CREB can also bind to the targeted CRE region to modulate the transcriptions of numerous downstream genes, including synapsin 1 or brain-derived neurotrophic factors, which can promote the development of synaptic connections to form long-term memory. In the study of Deng et al., Baclofen, the agonist of GABA B R, can activate the TREK-2K+ signaling pathway through PKA, thereby suppressing spatial learning ability, while administration of specific antagonists can curb the inhibitory post-synaptic potential to promote the development of memory. 14 It should be noted that our findings also verified that the protective effect of Dex can be abolished by Baclofen, further implying that Dex may protect the hippocampus through suppressing the expression of GAB-A B R and activating the cAMP-PKA-CREB signaling pathway.
In conclusion, our findings uncovered the protective effect of Dex against POCD, which may be achieved by inhibiting GABA B R and up-regulating the cAMP-PKA-CREB signaling pathway, thereby mitigating the hippocampal inflammation caused by surgical trauma.
